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Introduction
Kinetochores mediate the interaction between chromosomes 
and spindle microtubules, thereby enabling mitotic chromo-
some movement, and produce a mitotic checkpoint signal that 
ensures bipolar attachment of all chromosomes before ana-
phase onset (Cleveland et al., 2003; Chan et al., 2005). Assembly 
of the kinetochore during mitosis takes place at the centromere, 
a megabase-sized specialized chromatin region typically formed 
on arrays of α satellite DNA (Cleveland et al., 2003; Amor 
et al., 2004b; Carroll and Straight, 2006).
Despite the prevalence of centromeres at adenine- thymine–
rich repetitive α satellite DNA, the DNA sequences themselves 
appear to play a nonessential role in centromere specifi cation. 
This is most clearly exemplifi ed by the characterization of hu-
man neocentromeres. In these rare but naturally occurring  patient 
cases, a specifi c centromere has relocated to another site on the 
chromosome without any apparent DNA rearrangements, con-
comitant with vacating the original α satellite–containing  locus 
(Amor and Choo, 2002; Amor et al., 2004a; Ventura et al., 2004). 
This shows that DNA sequences normally associated with 
 centromeres are neither necessary nor suffi cient to promote 
 centromere propagation and that maintenance of centromeres 
is determined predominantly in an epigenetic manner.
Centromere protein A (CENP-A) is a conserved histone 
H3 variant that replaces canonical H3 specifi cally at centro-
meres in all known eukaryotes (Palmer et al., 1987; Meluh 
et al., 1998; Henikoff et al., 2000; Oegema et al., 2001) and has 
been shown to be required for the localization of nearly all 
other  centromere and kinetochore components (Howman et al., 
2000; Oegema et al., 2001; Goshima et al., 2003; Amor et al., 
2004a; Regnier et al., 2005; Foltz et al., 2006; Liu et al., 2006). 
We have recently shown that the loop1 and α2 helix of the 
CENP-A histone fold domain is responsible for forming a 
rigid/inaccessible interface with histone H4 and that this re-
gion, when transplanted into canonical histone H3, confers cen-
tromere targeting (Black et al., 2004, 2007a) and provides an 
essential function of CENP-A (Black et al., 2007b). CENP-A 
chromatin directly recruits a six-component CENP-A 
 nucleosome-associated  complex (CENP-ANAC) that forms the 
foundation for the assembly of other centromere components 
and the kinetochore during  mitosis (Foltz et al., 2006). The 
 existence of a CENP-A–directed centromere-specifi c chroma-
tin structure makes CENP-A a prime candidate for the epigen-
etic propagation of centromere identity. This directly implies 
that CENP-A propagation at the centromere is a partially or 
completely self-directed process. It is, however, unknown 
how CENP-A is discriminated from canonical histone H3 and 
how its specific incorporation at centromeric nucleosomes 
is achieved.
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 Centromeres direct chromosomal inheritance by  nucleating assembly of the kinetochore, a large multiprotein complex required for microtubule at-
tachment during mitosis. Centromere identity in humans is 
epigenetically determined, with no DNA sequence either 
necessary or suffi cient. A prime candidate for the epigenetic 
mark is assembly into centromeric chromatin of centro-
mere protein A (CENP-A), a histone H3 variant found only 
at functional centromeres. A new covalent fl uorescent pulse-
chase labeling approach using SNAP tagging has now 
been developed and is used to demonstrate that CENP-A 
bound to a mature centromere is quantitatively and equally 
partitioned to sister centromeres generated during S phase, 
thereby remaining stably associated through multiple cell 
divisions. Loading of nascent CENP-A on the megabase do-
mains of replicated centromere DNA is shown to require pas-
sage through mitosis but not microtubule attachment. Very 
surprisingly, assembly and stabilization of new CENP-A–
containing nucleosomes is restricted exclusively to the sub-
sequent G1 phase, demonstrating direct coupling between 
progression through mitosis and assembly/ maturation of 
the next generation of centromeres.
Correspondence to Don W. Cleveland: dcleveland@ucsd.edu
Abbreviations used in this paper: BG, benzylguanine; CENP-A, centromere 
 protein A; PEG, polyethylene glycol; TMR, tetramethylrhodamine.
The online version of this article contains supplemental material.
JCB • VOLUME 176 • NUMBER 6 • 2007 796
Earlier models have suggested that differences in timing 
of replication of centromeric DNA versus the genome overall 
may provide a temporal window permissive for CENP-A load-
ing (O’Keefe et al., 1992; Csink and Henikoff, 1998). However, 
this appears not to be the case, as replication of centromeric 
DNA is not restricted to a specifi c time during S phase (Shelby 
et al., 2000; Sullivan and Karpen, 2001). Alternatively, CENP-A 
loading could be separate from assembly of canonical histones 
altogether by allowing CENP-A loading outside S phase. In-
deed, DNA replication is not required for CENP-A assembly 
and CENP-A mRNA, and protein levels peak only after S phase 
during late G2 phase, consistent with a disconnect between the 
timing of CENP-A and H3 assembly (Shelby et al., 1997, 2000). 
Whether propagation of centromeric chromatin and general 
chromatin is indeed temporally distinct and how and when 
CENP-A nucleosomes turn overis not known. This we now test 
by developing and exploiting a novel, covalent fl uorescent 
pulse-labeling strategy with SNAP tagging.
Results
Timing of assembly and turnover of CENP-A 
at centromeres using the SNAP tag
The SNAP tag, a modifi ed variant of the suicide enzyme 
O6- alkylguanine-DNA alkyltransferase, whose normal function 
is in DNA repair, has been extensively engineered to covalently and 
irreversibly modify (and inactivate) itself through acceptance of 
the cell-permeable guanine derivative O6-benzylguanine (BG; 
or fl uorescent derivatives thereof). In effect, this allows labeling 
of SNAP fusion proteins at will in vivo (Keppler et al., 2003, 
2004, 2006). We applied pulse labeling with this methodology to 
determining CENP-A turnover specifi cally at centromeres (Fig. 
1 A) as well as quench-chase-pulse labeling to follow the fate of 
newly synthesized CENP-A (Fig. 1 B). We established cell lines 
stably expressing centromere-localized CENP-A–SNAP at near 
endogenous levels in HeLa cells (Fig. 1 D and Fig. S1, available 
at http://www.jcb.org/cgi/content/full/jcb.200701066/DC1).
Figure 1. Principle of SNAP tag–based pulse 
labeling. (A and B) Schematic of labeling strat-
egies for pulse-chase labeling (A) or quench-
chase-pulse labeling (B) of CENP-A–SNAP 
fusion protein with BG (BG-block; quench) or 
TMR-Star (pulse). (C) The SNAP tag can be ef-
fi ciently labeled in vivo using fl uorescent TMR-
Star (top) and quenched using nonfl uorescent 
BG (bottom). CENP-A–SNAP cells were la-
beled with TMR-Star for 15 min or were treated 
with BG-block for 30 min before TMR-Star la-
beling and processing for immunofl uorescence 
with anti-HA. (D) TMR-Star–labeled CENP-A–
SNAP is centromere localized. Cells were 
TMR-Star labeled for 15 min and processed for 
immunofl uorescence with anti–CENP-C. 
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Multiple lines of evidence indicated that CENP-A with 
the SNAP tag substituted functionally for CENP-A in centro-
mere maintenance. We have previously reported that transgene-
encoded CENP-A expression leads to reduction of the 
endogenous CENP-A pool through competition at the protein 
level (Foltz et al., 2006). Here, a similar reduction in endoge-
nous CENP-A in response to CENP-A–SNAP expression re-
sulted in an unchanged overall CENP-A pool, the majority of 
which was SNAP tagged (Fig. S1 A; line 23 is used for all pulse-
labeling experiments). Because chronic reduction of CENP-A 
to <50% is a cell-autonomous lethal event (Black et al., 2007b), 
the SNAP-tagged CENP-A pool in the stable CENP-A–SNAP 
cell lines not only competed for assembly at centromeres 
with authentic CENP-A but also provided essential aspects of 
CENP-A function in centromere maintenance. (Retention of 
substantial CENP-A function by CENP-A–SNAP [219-aa tag] 
is in agreement with what has been shown for N-terminally 
YFP-tagged [240 aa] or C-terminally tandem affi nity–tagged 
[TAP; 172 aa] CENP-A, which, respectively, rescue CENP-A 
lethality and incorporate into bona fi de centromeric nucleo-
somes that are associated with a six-member complex of centro-
mere components [CENP-A–TAP; Foltz et al., 2006; Black et al., 
2007b].) 15-min pulse labeling with the tetramethylrhodamine 
(TMR)-conjugated SNAP substrate, TMR-Star, specifi cally 
identifi ed CENP-A–SNAP already assembled into centromeric 
chromatin (Fig. 1 C, top). Preincubation of CENP-A–SNAP–
expressing cells with the nonfl uorescent SNAP substrate (BG-
block) led to complete quenching of SNAP and rendered 
CENP-A undetectable with TMR-Star (Fig. 1 C, bottom).
CENP-A is stably associated with 
centromeres across the cell cycle
To determine turnover of CENP-A at centromeres, cells were 
synchronized at the G1–S boundary by tandem treatments with 
thymidine. CENP-A bound to unreplicated centromeres was 
pulse labeled with TMR-Star and chased for up to two cell 
 cycles (Fig. 1 A and Fig. 2 A). Consistent with earlier reports 
on total CENP-A levels that had indicated slow protein turn-
over (Shelby et al., 2000; Regnier et al., 2005), centromere 
 duplication in the initial round of DNA synthesis produced a 
60 ± 14% reduction in intensity of TMR-Star–labeled CENP-A–
SNAP at individual centromeres by the first mitosis and 
through the subsequent G1 (Fig. 2). After a second cycle of 
DNA replication, the previously labeled, centromere-bound 
CENP-A–SNAP was diminished to 25 ± 5% of its initial level, 
whereas the total number of fl uorescent centromeres positive 
per cell remained unchanged throughout the experiment (Fig. 2). 
Thus, despite continued synthesis of both SNAP-tagged and 
endogenous CENP-A, CENP-A already loaded into centro-
meric chromatin by late G1 is redistributed to, and retained 
by, daughter centromeres.
Loading of newly synthesized CENP-A 
initiates in telophase
CENP-A must be replenished at centromeres after DNA repli-
cation to complete duplication of new centromeres. To deter-
mine the timing of CENP-A incorporation into chromatin of 
newly replicated centromeres, cells stably expressing CENP-A–
SNAP were synchronized at the G1–S boundary by double thy-
midine block, and both centromere-associated and any free pool 
of CENP-A–SNAP were quenched with nonfl uorescent BG 
(Fig. 1 B and Fig. 3 A). The cells were then released into S 
phase for 6.5 h, nascent CENP-A–SNAP was pulse labeled for 
15 min by reaction with TMR-Star, and incorporation of the 
fl uorescent CENP-A was examined in late S, G2, M, and the 
subsequent G1. CENP-A synthesized during S phase was dif-
fusely localized in the nucleus (Fig. 3 A and Fig. S2, available 
at http://www.jcb.org/cgi/content/full/jcb.200701066/DC1) but 
did not appear at centromeres during any phase of G2 or M. 
Rather, only after passage through mitosis and entry into the 
Figure 2. CENP-A turnover at centromeres. (A) Outline of cell synchroni-
zation and labeling regimen for CENP-A turnover. Cells were synchronized 
and labeled as depicted followed by fi xation and immunofl uorescence 
with anti-HA. Representative images for each time point are shown. After 
one and two cell cycles, pulse chase–labeled CENP-A–SNAP remaining 
was detected (insets after two cell cycles [50 h] are magnifi ed an addi-
tional 3× and intensity scaled to visualize remaining centromere fl uores-
cence). (B) Quantifi cation of mean TMR-Star intensity at indicated time 
points. Reduction of signal at each division became apparent in mitosis, 
during which sister centromeres split and can be resolved individually. 
A minimum of 500 centromeres in 10 different cells were quantifi ed for 
each measurement. Error bars represent SEM of centromere intensity. AU, 
arbitrary units.
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G1 phase of the next cell cycle did CENP-A assemble at centro-
meres (Fig. 3 A). Quantifi cation of the number of cells positive 
for CENP-A loading confi rmed that the initially synchronized 
cell population did not load substantial levels of CENP-A  before 
11 h after release from thymidine and concomitant with entry 
into G1 (Fig. 3 C).
Close examination of cells just before and after mitotic entry 
revealed that the earliest time CENP-A loading could be detected 
at centromeres was concomitant with nuclear envelope reforma-
tion and completion of furrow ingression as indicated by midbody 
formation in late telophase/early G1 (Fig. 3 B and Fig. S3, avail-
able at http://www.jcb.org/cgi/content/full/jcb.200701066/DC1). 
Figure 3. CENP-A loading initiates in telophase/early G1. (A) Schematic of cell synchronization and labeling protocol. Cell cycle stages are estimates 
based on time elapsed after release from double thymidine–induced arrest at G1–S. Representative images for each time point are shown. (B) Different 
stages of mitosis are shown at 11 h after thymidine release. (C) Percentages of cells positive for TMR-Star fl uorescence at indicated time points (with 
 estimated cell cycle stage below) after release from thymidine. Numbers in parentheses represent the number of cells counted for each time point. (D and E) 
Live-cell time lapse of CENP-A–SNAP assembly at centromeres in early G1. (D) Schematic of cell synchronization and labeling protocol for live-cell time-
lapse imaging of CENP-A–SNAP assembly at centromeres in early G1. CENP-A–SNAP cells were transiently transfected with YFP–CENP-C–expressing con-
struct 48 h before SNAP-labeling regimen. (E) Representative stills of a metaphase cell exiting mitosis and assembling CENP-A–SNAP across an 4-h time 
course (Video 1, available at http://www.jcb.org/cgi/content/full/jcb.200701066/DC1). A portion of TMR-Star dye is nonspecifi cally retained near the 
cell periphery (presumably in internal membranes; white arrows), but no TMR-Star signal is detected at centromeres at this time (colocalizing with YFP–
CENP-C [red boxes]). Time points are with respect to anaphase onset. Boxed regions highlight the initial absence of CENP-A–SNAP at centromeres and its 
earliest detection by 50 min after anaphase onset and continued assembly out to 260 min. All images are equally depth scaled across time.
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No newly made CENP-A was observed at centromeres at any 
time during mitosis before telophase. The absence of CENP-A at 
centromeres at these earlier time points cannot be attributed to a 
pool of newly synthesized CENP-A too small to be detected be-
cause the prelabeled pool size is the same for all time points. The 
pattern of loading restricted to late mitosis/early G1 was not a re-
sult of thymidine treatment per se because randomly cycling cells 
were also dependent on mitotic progression to permit CENP-A 
loading (Fig. S1).
To time the arrival of CENP-A–SNAP at the centromere 
more accurately, we followed live cells containing a pool of 
TMR-Star–labeled but nonassembled CENP-A–SNAP from 
metaphase through early G1 (Fig. 3 D). TMR-Star labeling of 
live cells resulted in the nonspecifi c retention near the cell pe-
riphery (presumably in internal membranes) of a proportion of 
the dye, a proportion that is removed during normal fi xation and 
washing conditions. Nevertheless, no TMR-Star signal could 
be detected specifi cally at centromeres in metaphase (Fig. 3 E). 
However, assembly of nascent CENP-A–SNAP could be de-
tected as early as 50 min after anaphase onset and continued 
for several hours in early G1 (Fig. 3 E and Video 1, available at 
http://www.jcb.org/cgi/content/full/jcb.200701066/DC1).
CENP-A assembly occurs exclusively 
during G1
Next, we determined whether loading of CENP-A is unique to 
the early hours of G1 or whether loading is also permissive at 
any other point in the cell cycle, including the possibility of a 
secondary CENP-A loading stage, as has been suggested in 
 fi ssion yeast (Takahashi et al., 2005). CENP-A–SNAP in mitotic 
cells arrested with nocodazole treatment was initially quenched 
with nonfl uorescent BG, and a G1 phase cell population was 
generated by release from nocodazole arrest. The CENP-A–
SNAP pool produced during mid-to-late G1 was labeled and 
monitored for timing of centromeric deposition (Fig. 4). DNA 
content was assayed by FACS to verify cell cycle position (un-
published data). No assembly of CENP-A–SNAP–TMR-Star 
was detectable at centromeres during the subsequent S, G2, or 
M phases (Fig. 4 B). However, fl uorescent CENP-A from the 
prior G1 assembled into the new daughter centromeres after 
exit from this subsequent mitosis (Fig. 4 B). Thus, despite the 
presence of a stable noncentromeric CENP-A pool, no loading 
occurred at any stage of the cell cycle before the following G1 
phase (10–18 h after CENP-A synthesis and labeling).
Although SNAP-tagged CENP-A faithfully tracks to cen-
tromeres and provides an essential function of CENP-A in cen-
tromere maintenance, there remained the possibility that the 
SNAP tag or the cell synchronization methods we have used 
would interfere with the timing of CENP-A loading. If CENP-A 
loading is normally restricted to early G1, levels of CENP-A 
(tagged or endogenous) on individual centromeres should dou-
ble from early mitosis to when loading is completed, in late G1. 
On the other hand, if CENP-A loading occurs before mitosis, 
as previously proposed (Shelby et al., 2000), CENP-A levels 
in mitosis and G1 would be similar. Examination using indirect 
immunofl uorescence to track endogenous CENP-A or direct 
fluorescence measurement of a cell line stably expressing 
YFP–CENP-A revealed that in both cases CENP-A levels in-
creased from M to late G1 (3.4- and 2.5-fold, respectively; 
Fig. 5), fi ndings only consistent with CENP-A loading in G1 
rather than before mitosis.
Passage trough mitosis is critical 
for CENP-A assembly in early G1
The discrete, abrupt onset of CENP-A assembly as cells exit 
from mitosis suggested that passage through mitosis is a pre-
requisite for CENP-A assembly. Alternatively, entering the G1 
cell cycle state may be triggering CENP-A assembly without 
any mechanistic involvement of mitosis per se. To distinguish 
these possibilities, the G1 cell cycle phase was disconnected 
from mitotic passage by combining the SNAP-based CENP-A 
assembly assay with a classic cell–cell fusion approach (Rao 
and Johnson, 1970). Heterophasic heterokaryons were gener-
ated by fusing G1 cells with G2 cells, each expressing CENP-A–
SNAP and each uniquely marked by stable expression of 
CFP-tagged histone H3 or tubulin, respectively, to mark nuclei 
or microtubules (Fig. 6 A). The two differentially marked 
CENP-A–SNAP cell populations were synchronized by double 
thymidine treatment. Previously deposited CENP-A–SNAP 
was quenched, and each population was released for differing 
lengths of time so as to produce two synchronized populations, 
one of which was at mitosis/early G1 (H3-CFP cells) and the 
other at late S/early G2 phase (CFP-tubulin cells). The two 
 populations were mixed, and cell fusion was induced with poly-
ethylene glycol (PEG). Nocodazole was added to prevent any 
further passage through mitosis. 4 h after fusion, TMR-Star 
 labeling was used to assay in both nuclei of the heterokaryons 
Figure 4. Nascent CENP-A loads exclusively during G1. (A) Schematic of 
cell synchronization and late G1 labeling protocol. (B) Representative im-
ages at indicated time points. Percentages of cells that have loaded CENP-A 
are indicated below. Note that the 11% of cells that have loaded CENP-A 
by 9.5 h represent cells that have already entered the next G1 phase, 
as evident from the absence of CENP-A loading in cells blocked in mitosis 
by nocodazole.
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for assembly at centromeres of the unloaded, newly synthesized 
CENP-A–SNAP pool that was present in all nuclei (Fig. 6 A).
After cell–cell fusions, nuclei originating from G2 and G1 
cells share the same cytoplasm and, in principle, the same cell 
cycle state. Control fusions revealed that, as expected, loading 
of CENP-A in both nuclei occurred exclusively in G1 cell to G1 
cell fusions. In contrast, no binucleate heterokaryons derived 
from fusion of two G2 populations could be found in which 
both nuclei loaded CENP-A (Fig. 6, B and C), and the vast 
 majority (86%) loaded it in neither nucleus.
It should be noted that because of the short time cells 
spend in mitosis (1 h) and the inherent spread in synchrony as 
cells transverse across the cell cycle, an early G1 phase cell 
population will invariably contain a fraction of cells that are in 
G2. (In this case, 33% of the H3-CFP G1 population had in fact 
not yet reached G1 by the time cells were fused.) Therefore, in 
all fusions, a spread of heterokaryons loading CENP-A–SNAP 
at centromeres at one, both, or neither of the nuclei is expected. 
Nevertheless, despite this inherently imperfect synchrony, a 
striking fi nding was that in binucleate heterokaryons derived 
from fusion between cell populations enriched in G1 and G2, 
most (66%) G1 cell–derived nuclei (H3-CFP marked) recruited 
CENP-A–SNAP to centromeres to levels indistinguishable from 
surrounding nonfused G1 cells. In contrast, no heterokaryons 
were found that had assembled CENP-A in both nuclei, indicat-
ing that G2-derived nuclei, although sharing the same cytoplasm 
with a CENP-A–assembling G1-derived nucleus, did not as-
semble CENP-A (Fig. 6, B and C), despite the presence of 
 fl uorescently labeled CENP-A–SNAP. The frequency of hetero-
karyons loading CENP-A–SNAP in one or neither nucleus 
 corresponded to the frequency of H3-CFP G1 and G2 cells at 
the time of fusion (Fig. 6 C, arrows), indicating that in hetero-
karyons the G1- and G2-derived nuclei are neither inducing nor 
inhibiting CENP-A assembly in the other nucleus. Therefore, the 
early G1 cell cycle state that is permissive for CENP-A assembly 
does not directly dictate the ability to load CENP-A. Rather, 
passage through mitosis is crucial to allow CENP-A assembly 
as cells enter G1.
Microtubule attachment is not required 
for CENP-A assembly in G1
Our experiments suggest that mitosis is a key cell cycle deter-
minant in initiating CENP-A loading. To exclude the possibility 
that profi ciency for CENP-A loading is determined by a “timing” 
mechanism rather than actual mitotic passage and G1 entry, 
cells were arrested using nocodazole to produce a nascent 
 unloaded pool of CENP-A–SNAP in mitosis. Nocodazole-
treated cells never assembled CENP-A–SNAP, even by the time 
94% of control cells had reentered G1 and loaded CENP-A–
SNAP (Fig. 4 B), reaffi rming the notion that exit from mitosis is 
required for CENP-A loading.
Multiple processes occur during mitosis that might act 
to trigger new CENP-A nucleosome recruitment. These in-
clude chromatin stretching, which occurs during metaphase 
and has been proposed as a mechanism for the exchange of 
histone H3 for CENP-A–containing nucleosomes (Ahmad 
and Henikoff, 2002; Mellone and Allshire, 2003; Carroll and 
Straight, 2006). Although the concept of functional rein-
forcement of centromere location that is part of this model 
is appealing, no experimental evidence has been generated 
in support for such a mechanism. Alternatively, DNA de-
condensation or the presence of other mitotic kinetochore 
 components may be integral to triggering the process of cen-
tromere assembly.
To test the tension-dependent CENP-A loading model, 
cells were produced that completed mitosis in the absence of 
microtubule attachment (and therefore microtubule-mediated 
chromatin stretching). To do this, cells were depleted of BubR1 
with transcription-mediated short hairpin RNA and treated with 
nocodazole to block microtubule assembly, and CENP-A loading 
was assessed (Fig. 7 A). Under these conditions, cells enter 
 mitosis without spindle assembly or kinetochore attachment, 
but quickly exit without the BubR1-dependent mitotic check-
point (Kops et al., 2004).
Depletion of BubRI alone did not affect the ability of cells 
to load CENP-A, whereas nocodazole treatment of cells with 
normal BubR1 levels prevented mitotic exit and any loading 
(Fig. 7 C). Nocodazole treatment of cells depleted of BubR1 
(Fig. 7, B and C) or another mitotic checkpoint component 
Figure 5. Centromeric levels of endogenous CENP-A increases during G1 
phase. (A) HeLa cells stably expressing YFP–CENP-A (Kops et al., 2004) or 
parental HeLa cells were synchronized by tandem treatments with thymi-
dine and released, and cells in mitosis or at the G1–S boundary were ei-
ther imaged directly (YFP fl uorescence) in live cells or processed for indirect 
immunofl uorescence with anti–CENP-A (cell cycle times not drawn to 
scale). (B) Quantifi cation of mean CENP-A intensity. For YFP–CENP-A, 
>600 centromeres from >10 cells, and for endogenous CENP-A, >200 
centromeres from fi ve different cells were quantifi ed for each measurement. 
Error bars represents SEM of centromere intensity. AU, arbitrary units.
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Mad2 (not depicted) produced CENP-A loading to levels 
 comparable to that seen in untreated cells, along with normal 
interphase nuclei with twice the number of resolved centro-
meres. This was indicative of a successful mitotic exit where 
sister chromatids had disjoined but failed to segregate and 
 complete cytokinesis because of the absence of microtubules. 
Conversely, cells that did not load CENP-A were either arrested 
in mitosis (i.e., not depleted in BubRI) or had not yet entered 
mitosis (Fig. 7 D; as indicated by a centromere number consis-
tent with unresolved sister centromeres, as is the case in G2 
phase). Thus, passage through mitosis is critical for CENP-A 
loading, but microtubule attachment or microtubule-generated 
tension across centromeric chromatin is not.
Discussion
The SNAP tag, a self-labeling 
enzyme enabling in vivo fl uorescent 
pulse-chase imaging
Our effort validates the SNAP tag (Keppler et al., 2003, 2004, 
2006), coupled with indirect immunofl uorescence or live-cell 
imaging, as an approach capable of visualizing and tracking 
 intracellular dynamics of protein pools synthesized at different 
times. SNAP technology also stands out from other cell biologi-
cal tools to determine protein dynamics, such as FRAP experi-
ments, in that it allows the determination of protein turnover 
on a much longer time scale and is therefore well suited for 
Figure 6. Passage through mitosis is critical for 
CENP-A loading in early G1. (A) Schematic of cell 
 synchronization, labeling, and PEG-mediated cell–cell 
fusion protocol. CENP-A–SNAP cells marked with 
H3-CFP or CFP-tubulin were sequentially released from 
a double thymidine block, whereas prior assembled 
CENP-A–SNAP was quenched. At the time of PEG-
mediated fusion H3-CFP and CFP-tubulin cells were in 
G1 or G2 at the indicated frequencies based on the 
fraction of cells that had loaded CENP-A–SNAP. After 
PEG fusion, nocodazole was added to prevent any 
additional passage through mitosis, and CENP-A–
SNAP loading in binucleate heterokaryons was deter-
mined after 4 addi tional hours by TMR-Star labeling. 
(B) Representative images of binucleate heterokaryons 
double labeled with H3-CFP and CFP-tubulin, in which 
both, one, or none of the nuclei has assembled CENP-A–
SNAP at centromeres. (C) Frequency of  binucleate 
heterokaryons in which both, one, or none of the 
 nuclei have loaded CENP-A–SNAP at centromeres 
(TMR-positive nuclei) in fusions of the indicated popu-
lations. Arrows in bar graph for G2–G1 cell fusion 
 experiment represent the fraction of H3-CFP cells that 
were in G1 phase (red) or G2 phase (blue) at the time 
of fusion. At least 30 binucleate heterokaryons were 
analyzed in each experiment.
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 proteins with long half-lives. To earlier efforts that had shown 
CENP-A to be long lived (Shelby et al., 2000; Regnier et al., 
2005), with the SNAP tag approach we have demonstrated that, 
once assembled at centromeres, CENP-A does not turn over 
measurably within the 50-h time frame of our experiments. 
(An added benefi t of this outcome is demonstration that the 
 covalent SNAP-BG binding is indeed irreversible.) Moreover, 
the ability to differentially label SNAP protein pools synthesized 
at different times allows direct assessment of the fate of nascent 
proteins, including the turnover rates of proteins at the same 
cellular location, but assembled at different times.
Little CENP-A turnover across the cell 
cycle, but assembly in G1 phase
Using the SNAP tag approach, nearly all centromeric CENP-A 
is shown to remain centromere associated even during centro-
meric DNA replication, consistent with a role for CENP-A as 
an epigenetic marker maintaining centromere identity though 
cell division (Vafa and Sullivan, 1997; Warburton et al., 1997; 
Black et al., 2004, 2007a). More surprisingly, loading of newly 
synthesized CENP-A occurs in a discrete cell cycle window in 
early G1. A mitosis intervening between centromere DNA rep-
lication and new CENP-A loading is a prerequisite for CENP-A 
assembly. Although earlier work suggested that CENP-A may 
load in G2 phase based on an increase in overall CENP-A 
 protein levels at this time (Shelby et al., 2000), our direct visu-
alization with the SNAP tag has demonstrated that, despite its 
continued expression throughout the cell cycle, newly made 
CENP-A is accumulated in a nuclear, but noncentromeric, form 
before mitosis. The abrupt onset of CENP-A assembly at 
 centromeres initiating at the end of mitosis fi rmly supports a 
model in which loading of CENP-A requires one or more key 
events during mitosis that may include nuclear envelope break-
down or chromatin decondensation, thereby allowing potential 
CENP-A assembly factors access to centromeric chromatin. 
 Alternatively, assembly may be dependent on mitotic modi-
fi cation of CENP-A itself, which creates an environment that is 
 permissive for subsequent CENP-A loading.
Although passage through mitosis itself is a strict re-
quirement for CENP-A loading, microtubule attachment at 
 kinetochores has no apparent role in CENP-A assembly, in 
 contrast to previous proposals (Ahmad and Henikoff, 2002; 
Mellone and Allshire, 2003; Carroll and Straight, 2006). It re-
mains possible, however, that components of the greater centro-
mere/kinetochore affect CENP-A loading or stabilization after 
loading. Defects in structural centromere proteins have been 
shown to affect CENP-A levels (Kline et al., 2006; Okada et al., 
2006). It is therefore possible that components of the centro-
mere (which themselves are dependent on CENP-A for their 
 localization) recruit new CENP-A or parts of the loading 
 machinery. This would serve a direct epigenetic feedback be-
tween active centromeres and the propagation of new centro-
meric chromatin.
Finally, propagation of CENP-A chromatin may await the 
availability of an active loading factor or an adaptor molecule at 
centromeres. The recently identifi ed hMis18α, hMis18β, and 
M18BP1/hsKNL2 proteins, of which the M18BP1/hsKNL2 
Myb domain–containing protein is an evolutionary conserved com-
ponent, have been proposed to be required for CENP-A loading 
(Fujita et al., 2007; see Maddox et al. on p. 757 of this issue). 
Figure 7. Microtubule attachment in mitosis is not required 
for CENP-A assembly at centromeres. (A) Schematic of 
cell synchronization, transfection, and labeling protocol. 
(B) Representative image of cells transiently transfected with a 
transcription-mediated BubR1 RNAi gene during late S/G2 
phase, after which cells were arrested again with thymidine. 
After quenching CENP-A–SNAP with BG, thymidine inhibition 
was released, followed by addition of nocodazole to block 
spindle microtubule assembly. Newly made CENP-A–SNAP 
was pulse labeled with TMR-Star in the subsequent S/G2 
(8 h after release from thymidine). 15 h after thymidine re-
lease, two of three cells (1 and 2) were premitotic (based on the 
centromere number consistent with unresolved sister centro-
mere pairs) and had not loaded CENP-A–SNAP, whereas the 
third cell had exited mitosis without chromosome segregation 
and cytokinesis (centromere number consistent with an 8N 
DNA content in which sister centromeres are resolved) and 
had loaded CENP-A–SNAP. Centromere number per cell is in-
dicated in the HA image. (C) Percentages of cells that had 
loaded CENP-A after the manipulations in A with the siRNAs 
as indicated. Bracketed numbers represent number of cells 
counted for each condition. (D) Frequency distribution of centro-
mere numbers for cells with (TMR positive; red) or without (TMR 
negative; blue) CENP-A loading.
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Strikingly, all these proteins display a pattern of centromere 
 localization coincident with CENP-A assembly (from anaphase 
through early G1). Thus, recruitment of hMis18α, hMis18β, 
and M18BP1/hsKNL2 at the centromere during late anaphase 
could be dictated by a modifi cation of centromeric chromatin 
coincident with mitotic exit or may represent a component of 
the CENP-A loading machinery that is itself activated during 
mitotic exit.
Implications for CENP-A assembly 
and centromeric chromatin structure
The sudden onset of CENP-A assembly exclusively after re-
entry into G1, but not in mitosis, carries with it two important 
 implications for epigenetic centromere inheritance. First, a re-
quirement for a subsequent mitosis as a prerequisite for loading 
of CENP-A onto previously replicated centromeric DNA intrin-
sically couples centromere replication and maturation to cell 
cycle progression. Second, loading of new CENP-A after mitosis 
dictates that centromeres and the kinetochores assembled on 
them proceed through mitosis with only half the complement 
of CENP-A. During S phase, CENP-A protein is redistributed 
among sister centromeres, leaving vacant DNA sequences that 
are not replenished by CENP-A but are most likely occupied 
by typical histone H3.1–containing nucleosomes, which are 
available in excess during DNA replication. Indeed, histone H3–
 containing nucleosomes have been detected on mitotic centro-
meres interspersed with CENP-A–containing nucleosomes and 
have been shown to occupy centromeric chromatin when 
CENP-A levels are depleted (Blower et al., 2002; Sullivan and 
Karpen, 2004). Our work now indicates that the mixed chroma-
tin state generated in S phase does not represent an intermediate 
state of centromeric chromatin where canonical nucleosomes 
serve as transient placeholders but that in fact this centromeric 
chromatin composition is what promotes kinetochore formation 
during mitosis (Fig. 8).
Materials and methods
Constructs and cell lines
CENP-A–SNAP–3XHA was constructed by inserting a PCR-generated frag-
ment carrying the human CENP-A open reading frame fl anked by KpnI 
and XhoI sites into the corresponding sites of pSS26m (Covalys) in frame 
with SNAP26m. A triple HA tag was introduced in frame at the SNAP26m 
C terminus, resulting in an 371-amino-acid open reading frame producing a 
41-kD fusion protein (referred to as CENP-A–SNAP throughout this paper). 
HeLa cells and their derivatives were cultured in DME supplemented with 
10% newborn calf serum (from here onward referred to as complete 
 medium). HeLa monoclonal cell lines expressing CENP-A–SNAP, H3-CFP, 
or CFP–α-tubulin were generated by stable integration via Moloney murine 
leukemia retroviral delivery essentially as described previously (Shah et al., 
2004; CFP–α-tubulin retroviral construct was provided by J. Shah, Harvard 
Medical School, Boston, MA). Cells stably expressing the CENP-A–SNAP 
fusion protein were selected by blasticidin S (5 μg/ml; Calbiochem) and 
were isolated and individually sorted by fl ow cytometry. The resulting 
monoclonal lines were expanded and examined by fl uorescence micros-
copy after TMR-Star labeling and by Western blot to identify lines express-
ing proper levels of the CENP-A–SNAP fusion protein. Clone 23 (Fig. S1) 
was used for all experiments in this paper unless stated otherwise. Ratio of 
CENP-A–SNAP levels to endogenous CENP-A in parental HeLa cells is 
0.7:1. H3-CFP or CFP–α-tubulin cell lines were isolated by puromycin se-
lection (1 μg/ml; Calbiochem). BubRI or control short hairpin RNA produc-
ing pSUPER plasmids and transfection procedures were as described 
previously (Kops et al., 2004).
SNAP quench and pulse labeling
SNAP tag activity in cells was quenched by addition of 20 μM O6-BG 
(BG-block; Covalys) in complete growth medium for 30 min at 37°C or 
pulse labeled with 2 μM TMR-Star (Covalys) in complete growth medium 
for 15 min at 37°C. After quenching or pulse labeling, cells were washed 
twice with prewarmed PBS, after which cells were reincubated in com-
plete medium to allow excess compound to diffuse from cells. After 30 min, 
cells were washed again twice in PBS followed by reincubation in 
 complete medium.
Cell synchronization
Unless stated otherwise in fi gures or legends, HeLa cells were treated with 
2 mM thymidine in complete medium for 17 h, washed twice in PBS, and 
released in complete medium containing 24 μM deoxycytidine for 9 h 
followed by addition of thymidine to a fi nal concentration of 2 mM for 17 
h, after which cells were released again into complete medium containing 
24 μM deoxycytidine and assayed. Nocodazole was used at 100 ng/ml.
Immunofl uorescence
Cells were grown and SNAP assayed on glass coverslips followed by fi xa-
tion and processed for immunofl uorescence using standard procedures. 
Cells were not preextracted before fi xation. Anti–CENP-A (a gift from 
K. Yoda, Nagoya University, Nagoya, Japan) was used at a dilution of 
1:100, anti–CENP-C (a gift from W. Earnshaw, University of Edinburgh, 
Edinburgh, UK) sera was used at a dilution of 1:1,000, and anti-Mad1 
(a gift from A. Musacchio, European Institute of Oncology, Milan, Italy) tis-
sue culture supernatant was used at a dilution of 1:20. YL1/2 α-tubulin 
(Serotec) was used at a dilution of 1:2,500. Anti-HA11 (Covance Research 
Products, Inc.) was used at a dilution of 1:1,000. Donkey secondary antibod-
ies (anti-mouse Cy5- or FITC-conjugated and anti-rabbit FITC-conjugated) 
were obtained from Jackson Immunoresearch Laboratories. Samples were 
stained with DAPI before mounting in ProLong (Invitrogen).
Cell–cell fusions
Double thymidine–arrested H3-CFP and CFP-tubulin–expressing CENP-A–
SNAP cells were SNAP-quenched with BG-block followed by release either 
directly or after 4 h to generate out-of-phase populations. After release of 
the trailing population, cells were coseeded on 18 × 18 mm uncoated 
coverslips. 5 h after seeding, coverslips were washed once in prewarmed 
PBS and incubated cell-side down in a 100 μl PEG-1500 (Roche) for 30 s 
followed by addition of 500 μl PBS and three subsequent washes in PBS. 
Coverslips were returned to complete medium containing 100 ng/ml 
Figure 8. Schematic depicting centromeric chromatin composition in rela-
tion to the cell cycle. CENP-A–containing nucleosomes (red) are inter-
spersed with canonical H3-containing nucleosomes (green) after replication 
in S phase, and this mixed set of nucleosomes is the substrate for nucleat-
ing kinetochore assembly in mitosis and is maintained as cells exit in ana-
phase. CENP-A assembly initiates in telophase and proceeds through early 
G1 (presumably concurrent with removal of H3 nucleosomes). CENP-A– 
and H3-containing nucleosomes are stylized as single nucleosomes but 
may represent continuous alternating arrays of one or the other type. In 
 mitosis, CENP-A nucleosomes may coalesce to form a rigid interface for 
 kinetochore formation as proposed previously (Zinkowski et al., 1991; 
Blower et al., 2002; Black et al., 2004, 2007a,b). 
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 nocodazole to prevent G2 cells from entering G1 and were TMR-Star 
 labeled and fi xed 4 h after PEG fusion.
Microscopy
Digital images were captured using a DeltaVision RT system (Applied Pre-
cision) controlling an interline charge-coupled device camera (Coolsnap; 
Roper) mounted on an inverted microscope (IX-70; Olympus). For each 
sample, images were collected at 1× binning using a 100× oil objective 
at 0.2 μm z sections spanning the entire nucleus and were subsequently 
deconvolved, and maximum signals were projected as 2D images using 
softWoRx (Applied Precision; all images are deconvolved except those 
shown in Fig. S2). For quantifi cation, images were converted to unscaled 
TIFF images. Centromere signal intensity was determined using Meta-
Morph (Molecular Devices) by measuring integrated fl uorescence inten-
sity within an 8 × 8 pixel square. Background signal was subtracted from 
an area within the nucleus not containing centromeres. For live-cell imag-
ing, cells were grown on 22 × 22 mm glass coverslips transfected with 
YFP–CENP-C (Shah et al., 2004) using Effectene (QIAGEN) 48 h before 
SNAP labeling, after which coverslips were mounted on a slide separated 
in a double-stick tape chamber in phenol red–free CO2 independent DME 
(Invitrogen) containing 0.5 U/ml of the oxygen-scavenging enzyme, Oxy-
rase (Oxyrase, Inc.), and sealed with a 1:1:1 mixture of vasalin, lanolin, 
and paraffi n.
Images were acquired at 2× binning using a 60× oil objective for 
TMR-Star and YFP, as well as differential interference contrast at 10-min 
 intervals. For each time point, 5 × 1 μm z sections were acquired for fl uo-
rescence images, and a single differential interference contrast image 
was acquired at the middle z position. Stacks were deconvolved, and 
maximum intensity was projected using softWoRx and assembled into a 
paneled video using MetaMorph.
Immunoblots
Whole cell extracts equivalent to 50,000 cells were separated by SDS-
PAGE and transferred to nitrocellulose. Blots were probed by human anti-
centromere serum (Antibodies, Inc.) at a dilution of 1:300.
Online supplemental material
Fig. S1 shows the cell cycle–dependent CENP-A assembly of independently 
established cell lines expressing different levels of CENP-A–SNAP. Fig. S2 
shows the diffuse nuclear localization of noncentromere-loaded CENP-A–
SNAP in G2 cells. Fig. S3 shows evidence for CENP-A–SNAP loading 
 coincident with cytokinesis and nuclear envelope reformation. Video 1 
shows a time lapse of early G1 CENP-A–SNAP assembly at centromeres 
corresponding to stills shown in Fig. 3 E. Online supplemental material is 
available at http://www.jcb.org/cgi/content/full/jcb.200701066/DC1.
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